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Summary
In part I of this work an analytical procedure was presented for the capillary gas chromatographic determination of volatile hydrocarbons in gases. Here, various quantitative aspects of GC analysis and Electron Capture Detection are emphasized. The performance of several types of capillary columns is studied and a compromise is suggested between column inner diameter, film thickness, stationary phase and oven temperature. The influence of several experimental parameters like pulse voltage, standing current and the detector temperature on the quantitative results of EC detection are discussed. ECD calibration by coulometric detection in the Constant Frequency mode is compared to Constant Current EC detection using gas standards.
Introduction
An important threat to human welfare is concerned with the anthropogenic release of volatile chlorofluorocarbons in the atmosphere (CFC's). It was first recognized by Molina * For Part I,see [1] and Rowland in 1974 that these compunds play an important role in the catalytic destruction of stratospheric ozone [2] . Despite much effort to clarify the transport and photochemistry of chlorine containing species, until now, there is still unsufficient proof whether CFC's contribute significantly to the destruction of the ozone layer [3, 4] . Because ozone depletion is one of the most important global environmental problems, techniques for the reliable quantitative analysis of trace compounds in stratospheric air are required.
Most of the GC analyses of volatile compounds an air have been performed on packed columns, merely for the ease of sample introduction and because of the advantageous phase ratio of this type of column. With the introduction of thick film Wall Coated Open Tubular (WCOT) columns, cryogenic techniques and high capacity Porous Layer Open Tubular (PLOT) columns, very volatile compounds (bp<50~ can now also be analyzed by capillary gas chromatography.
In this paper several column types are evaluated for the analysis of volatile CFC's, and both qualitative and quantitative observations are reported. Apart from the separation of volatile compounds on capillary columns, a major problem in quantitative trace analysis is the preparation of accurate calibration standards. Numerous techniques to prepare gaseous standards have been reported and thoroughly tested [5, 6] . For the preparation of trace concentrations of volatile organics (< l ppm), however, dynamic dilution methods are to be preferred. Among them, the application of permeation devices provides an elegant means to obtain precise and accurate standards.
Experimental Gas Chromatography
It can be shown that, independent of the column type, the most favourable minimum detectable amount is found for a solute capacity ratio in between 0.5 and 1.5 [7] . To meet this criterion for the capillary GC analysis of very volatile compounds, various kinds of columns were compared: Chromatographia, Vol. 26 (1988)
1. a thin film WCOT column with a low viscosity stationary phase (OV101) operated at subambient temperatures (L = 50m, i.d. = 0.22ram, df = 0.6/lm). All columns were obtained from Chrompack, Middelburg, The Netherlands.
The chromatographic equipment and sample introduction system was identical to that described in part I [1] .
Electron Capture Detection
A Carlo Erba ECD, model 40, controlled by a model 400 unit was operated in the constant current mode at a standing current mode at a standing current of 2hA and a pulse voltage of 50V. Argon with 5% methane was used as makeup gas at a flow rate of 45ml/min. The detector temperature was 250~
For the detector calibration we employed five permeation vials with different CFC's (CFC-12, CFC-12, CFC-11, CFC-113 and CFC-40; for clarification of the CFC-trade numbers, see Table IV) as primary calibrants, which were diluted in a stream of purified helium. Quantitative transfer of a known volume of the permeation gas to the GC-FCD combination yields the absolute detector response for each compound.
Additionally, concentrated standard mixtures were prepared statically, which contained all the other compounds of interest as well as one or more of the primary calibrants. Split injections of the standard mixtures yielded the response factors, and in combination with the absolute response data obtained from the permeation gas experiments, absolute detector sensitivities were calculated for all the compounds studied.
Permeation System
Permeation devices are based on the diffusion of gases through a polymeric membrane, and in an equilibrated system, the permeation rate (r) becomes constant and is proportional to the compound's partial pressure difference in-and outside the device (Pi resp. Po), the permeation surface (Ap) area and inversely proportional to the membrane thickness (dp) [8]:
AS long as a liquid/vapour phase equilibrium is maintained inside the permeation tube, Pi will be equal to the saturated vapour pressure of the compound, pO. As it is a very important parameter, pO and B, the permeation coefficient, are both determined by the temperature. A typical rate change of 10%/~ is observed, emphasizing the importance of a proper temperature control of the permeation device.
Although the permeation rate is well defined by eq. (1), inhomogeneity of the membrane material as well as microchannel transport may cause serious deviations from the mathematically calculated values, and hence the permeation rate is preferably determined by experiment. This is most conveniently done gravimetrically.
The permeation process cannot be stopped occasionally and hence each tube has a limited lifetime. In this respect glass vials are very advantageous as they can contain a large volume of liquid, while the permeation area can be kept to a minimum. Lifetimes of several years can thul be obtained. Apart from the limited lifetime, some more restrictions are to be considered. Not every compound is fit for enclosure in a permation tube, because of the high pressure of the liquid/vapour phase equilibrium at ambient temperatures. Explosion of the vial or deformation of the membrane could occur, disruption the experiment. Final. ly, a newly-found compound cannot be quantified within the time required to establish a constant permeation rate, ranging from days up to several months. The response of a electron capture detector is very sensitive to variations of operational parameters like detector temperature, standing current, pulse voltage and the gas flow as well as the composition of both the carrier gas and the make-up gas. Therefore, frequent calibration is required to account for even minor changes in detector sensitivity as well as to allow detection at deliberately changed settings. Here a calibration gas delivery system is presented based on per. meation tubes that enables ECD calibration at regular intervals.
The permeation tubes we used were modified GC auto. sampler vials (1.5ml), provided with a screw-cap. The rubber septum was replaced by a PTFE disc of thickness 1--2ram, closely fitting in the neck of the vial. No additional precautions had to be taken to provide a gas tight seal. In order to allow inside pressures up to 15 bar, the vial bottom was rounded as is shown in Fig. 1 . The vials were filled for ca. 50% with the liquefied gas by distillation from a lecture bottle into the cooled vial. CFC-11 and CFC. 113 were both introduced as liquids.
Six permeation vials containing different halocarbon~ together with an empty one ("blank") are placed in two glass permeation holders, immersed in a waterbath (Vita. tron, Dieren, The Netherlands) kept at 34.90~ with a stability better than + 0.05~ The water temperature is monitored continuously by a HP 2801 A Quartz thermome. ter (Hewlett Packard, Avondale, PA, USA). The permea. tion tube holders are flushed with helium that passes a glass tube (L = l m, i.d. = 4mm) before entering the main
Fig. 1
Permeation vial (1.5 ml). p = permeation membrane (PTFE-Teflon).
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Chromatographia, Vol. 26 (1988} compartment. The design of Fig. 2 provides a well controlled gas flow with a temperature stability better than 0.01~ at flow rates between 10 and 200ml/min. Moreover, it allows easy access to the vials while the dead volume downstream the vials is very small, thus reducing the response time of the system to altered helium flow rates.
Every four weeks the tubes were weighed using a Mettler M5 semi-micro balance with a resolution of 0.01 mg (Mettler, Z(irich, Switzerland). The helium is supplied by a mass flow controller (Model F-201, 0-200ml/min; Control Unit E5514EA; Bronkhorst High-Tech B.V., Ruurlo, The Netherlands). Up to 75% of its maximum flow, the diluent gas is delivered with a deviation of less than 0.25% of its setpoint. The helium is equally divided over the two permeation vial holders, and afterwards both streams are mixed again. The permeation gas passes through the sample loop of a six-port injection valve, incorporated in the carrier gas line of the sample introduction system. The easy exchange of the calibrated sample loops (1/al up to 973#1, internal valve volume 15jul) and the flexible adjustment of the helium diluting gas flow provide gas standards suitable for wide range detector calibration. The entire gas delivery system is shown in Fig. 3 . An additional homemade injector of small internal volume is placed in between the six-port valve and the cold-trap in order to allow syringe injections of the statically diluted gas standards. Besides, by rearrangement of the column and carrier gas connections, the permeation gas as well as manually injected gas mixtures can be introduced by means of a conventional splitter injector (cf. Fig. 3a ).
Stratospheric Air Samples
All stratospheric air samples were provided by the Max Planck Institut fLir Aeronomie (Lindau, FRG) and were collected in 1982 (samples A, B and C) and 1984 (samples D-H). The corresponding altitudes are given in Table VI . They were analyzed two or three times using the thick film WCOT column in combination with EC detection. Some of the air samples were also analyzed on the AI20 3 PLOT column.
Results and Discussion

Gas Chromatography
Chromatograms of different halocarbon gas mixtures separated on the columns described previously are presented in Fig. 4 . Chromatogram a. shows that the thin film OV101 column is well suited for the subambient analysis of the CFC-standard. Having a temperature range of-60~ up to 250~ compounds of high as well as medium volaitlity (C1-C20) can be analyzed with this kind of stationary phase.
One way to avoid the need of sub-ambient oven temperatures is to use a column with a thick film of stationary phase. However, it was shown elsewhere that thick film columns, owing to their reduced column efficiency, appear to have less beneficial detection limits [9] .
than CFC-12 still sub-ambient oven temperatures are required or a thicker film should be used.
Compared to thick film WCOT columns, AI20 3 PLOT columns offer a better column efficiency as well as a higher selectivity and so the peak resolution is improved. Volatile compounds can be separated at high temperatures on an AI203 PLOT column, so that forced cooling of the GC oven is not necessary. Note, that in the chromatogram of Fig. 4c both isomers of CFC-114 (di-chlorotetrafluoroethane) are separated, which could not be achieved on the WCOT columns.
Fig. 2
Glass permeation tube holder, a = metal collar and screw-cap; b = PTFE-seals; 1,2 = permeation tubes. In the course of this study, it was observed however, that at high temperatures some halogenated compounds are lost during the chromatographic process. According to our findings, partly halogenated hydrocarbons like CFC-22, dichloromethane and di-and tri-chloroethanes are decomposed or irreversibly absorbed by the AI203 PLOT column [10] . This phenomenon drastically restrains the applicability of AI203 PLOT columns for the analysis of halocarbons.
Recently, a PLOT column with a porous polymer as the stationary phase was introduced for the analysis of permanent gases and volatile organics [11] . This stationary phase (Poraplot Q) requires high oven temperatures for the elution of CFC's. Using an electron capture detector, extreme column bleeding is observed between 200~ and 250~ (cf. Figure 4d) , obscuring all trace components of intermediate volatility (bp > 60~
Even by prolonged conditioning (65h at 200~ followed by 16h at 250~ the column performance at high temperatures could not be improved.
Based on the above investigations it can be concluded that fully halogenated CFC's can best be analyzed on an AI203 PLOT column. For the simultaneous determination of partly and fully halogenated compounds, the volatility has to be considered. Very volatile CFC's with boiling points below 60~ can successfully be analyzed on a Porapl0t Q PLOT column in combination with EC detection, where. as halocarbons of intermediate volatility (bp >-30~ car be separated on thick film WCOT columns. When the ana. lysis of all CFC's is demanded in one GC run, a thin film WCOT column should be applied at cryogenic tempera. tures, or a combination of different columns in a two dimensional GC system.
Permeation Gas
The graph of Fig. 5 shows the weight loss of the CFC-114 permeation vial as a function of time. About 20 weeks are required to establish a permeation rate that deviates less than 5% from its final "constant" value. Graphs like Fig. 5 were obtained for all CFC permeation vials. For actual calibration purposes the permeation rate was cal. culated by linear regression of four data points preceeding the moment of quantitative analysis and two data pointl after it. For the quantitative analysis of CFC's in air report. ed in this paper, the permeation rates are listed in Table I . Also presented are the standard deviations, calculated as the standard deviation of the slope of the regression line in each weight loss diagram. The tubes' lifetimes for a quanti. ty of lml liquefied gas are given as well. Note that the relatively large rsd value for CFC-11 is related to the sinai. let weight losses of this vial. Weight loss diagram of the CFC-114 permeation vial. 
ECD Calibration
A GC-ECD chromatogram of 136/11 permeation gas (helium flow rate 40ml/min STP) is presented in Fig. 6 . Table II summarizes the calibration data of 5 consecutive injections.
A statically diluted gaseous CFC mixture was prepared in nitrogen, while a standard mixture of liquid CFC's was prepared by dilution of a stock solution in n-pentane. The concentrations are listed in Table III . A wide range of absolute amounts of the components was introduced onto the column by variation of the injection volume and the split ratio. The ECD response factors (fj) relative to CFC-12 can be calculated from the peak areas (A) and the injected amounts (Q) according to:
Ai Qs f's fi =~s "Qj f'12 (2) where j denotes the compound of interest and s is the internal standard. When compound j is a gas, CFC-12 is the internal standard and f~/f'12 = 1. Contrarily, when j is a liquid, CFC-113 is the internal standard and f's/f'12 is the relative response of CFC-113 vs. CFC-12, as it was calculated from the permeation gas experiments. The mass ratio Qs/Qj is equal to the concentration ratio in the standard mixtures. The response factors together with the minimum detectable amount (Qo)are presented in Table IV .
The response factors of CFC-11 and CFC-113 obtained from the cold-trap injections of Table II agree very well  to those of Table IV: 13.5 vs 13.8 resp. 1.68 vs. 1.69. 
R"
For reasons unknown, the corresponding values for CFC-114 deviate more than can be explained from the rsd values: 0.240 vs. 0.256, while a = 1.1 %.
The minimum detectable amount of 0.5pg for CFC-12 corresponds to a minimum detectable concentration of 1 ppt in 100ml air. The linear dynamic range of the EC detector exceeded that of the integrator, and so it will be larger than 4.103 .
The effects of the most important detection parameters like standing current, pulse voltage and detector temperature on the ECD response were studied. A fixed volume of permeation gas was injected, followed by EC detection in the constant current mode (CC) at different settings. The detector response (Rj) increases with increasing values of the standing current, but this is fully compensated by an inreasing noise level (Rn) , so that no improvements of the detection limits can thus be achieved (cf. Fig. 7a) . As Fig. 7b shows, the most beneficial signal-to-noise ratio is obtained at high pulse voltages. The influence of the detector temperature is shown in Fig. 7c . Both the detector response and the noise level increase at high temperatures, and the most beneficial signal-to-noise ratios are found at temperatures below 250~ The plot of InAT 3/2 vs. 1/T in Fig. 7d , where A is the peak area, reveals a linear relationship with a negative slope, indicating dissociative electron capture for these CFC's [12] . In the constant frequency mode of operation (CF), the ECD may be employed as its own calibrant when the stoechiometry of the electron capture process is known [13] . For a 1:1 electron attachment, the time integral of the detector response (i.e. the peak area in proper units: As) is equal to the number of moles time Faraday's con. stant, i.e.:
J" AI dt = nF (3)
Coulometric response can only be achieved for strongly electron capturing compounds [14] under very specific operational conditions [15] . Hyper coulometric response has also been observed [16] stressing the limited applica. bility of coulometry as a calibration method.
The experimentally determined efficiencies of the electron capture processes for our equipment are listed in Table V . The response is far from stoechiometric, even for a strongly electron capturing compound like CFC-11. Due to the limited linearity of the ECD response in the constant frequency mode, constant current EC detection is ad. vocated.
Stratospheric Air Analysis
Fig. 8 shows chromatograms of troposheric air (10kin altitude), analyzed on both columns. The chromatogram obtained from the WCOT column shows several not identified peaks, whereas in the chromatogram from the AI203 PLOT column many peaks are missing which is in agree. ment with the previously described observations. The ECD response is thoroughly affected by the different chromat0. graphic conditions, so that the calibration procedure had to be repeated for the alumina column. The precision (reproducibility) of the entire procedure of sample transfer, enrichment and analysis was found to be 10-15%. The accuracy, composed of systematic errors in the permeation gas flow rate and the sample loop volume is better than 3%.
Considering ultra trace analysis, the quantitative results of both columns agree fairly well as is shown by comparison of Tables Via and VIb. Only in a very few analyses larger differences than 3a were found for the minor peak of CFC-113 and the not well separated CFC-12 peak.
It was found that the samples denoted as "B" and "C" are heavily contaminated with CFC-20 (CHCI 3) and prob. ably also with CFC-10 (CCI4). Sample "84/4" is contaminated with CFC-140a (CH3CCI 3) which might be present as a contaminant in the other samples too. The samples were analyzed in August 1987, i.e. 3-5 years after their collection. As a consequence, minor changes Table VI . Measured concentrations (ppt's) of several CFC's in stratospheric air samples using the thick film WCOT (a) and the AI20 3 PLOT column {b). For the CFC trade numbers see Measured height profiles for CFC-12, CFC-11 and CFC-113. o= analyzed on the thick film WCOT column; 9 = analyzed on AI203 PLOT column.
of the composition might have occured. Measured height profiles of CFC-12, CFC-11 and CFC-113 are presented in Figure 9 . The concentrations found are somewhat larger than those commonly reported by others [4] . However, they agree fairly well to more recent observations when the annual concentration increase of 3-10% is taken into account [4] .
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